Carbon fibre composites offer considerable potential for mass reduction in automotive applications. However, raw material cost is one of the major factors that constraints its extensive use in this mass market. Here we report a systematic study that presents the cost contributors by considering the entire process chain of the carbon fibre manufacturing. The sensitivity analysis revealed that the final cost of Polyacrylonitrile (PAN) precursor and carbon fibres were strongly influenced by tow size. It was observed that a prompt decrease in the precursor and carbon fibre cost per kg for tow sizes from 3k to 12k, later this decrement was gradual and almost became stable above 50k. Moreover, with an increase in tow size from 3k to 50k, the contribution of the precursor on the final carbon fibre cost decreased from 76.6% to 49.6%. On the other hand, the contribution of the other factors increased with increase in the tow size, for instance, labour (9.86%-17.78%), Energy (2.49%-6.48%) and Depreciation (6.11%-11.01%). Nevertheless, precursor holds the major share in determining the final price of the carbon fibres.
Introduction
Carbon fibres are well known as the material of the modern era due to their exceptional properties such as specific tensile strength and tensile modulus, excellent resistance to creep, high electrical and thermal conductivity, good chemical and thermal stability in the absence of oxidising agents [1, 2] . They find applications in the fields of aerospace, automobiles, renewable energy and sports equipment manufacturing [1, 3] . However, until recently, aerospace and wind energy applications are the major markets for carbon fibre composite materials. In recent times, the automotive industry has emerged as the market with significant potential to use carbon fibre composites [4] . Moreover, new emission norms also require automobile manufacturers to look for lightweight structural materials and it is recognized that carbon fibre composites are one of the alternatives to replace components which are usually made of traditional metals [5] . However, the high cost of carbon fibre composites today makes this transition from metals to composites very challenging. The carbon fibre cost is considered as the major contributor to the overall cost of the composite [5, 6, 7] . Based on a production plant of capacity 1500 tonnes per year, the cost of carbon fibres is approximately $10.0 per lb. It was estimated that with a reduction of around 50 % of the manufactured cost of carbon fibres, it is expected to increase the opportunities of using carbon composites in a wider range of applications [8] . Polyacrylonitrile (PAN) is currently considered to be the most suitable precursor for the manufacture of carbon fibres, at least 90% of the current carbon fibre production is based on PAN precursor fibres because of its ability to produce high quality carbon fibres [9, 10] . Hence, in this study we aimed to identify the cost contributors for the manufacture of carbon fibres using PAN precursor and provide solutions to reduce the overall carbon fibre cost.
Various carbon fibre cost models were available in the literature, however, the majority of the models concentrated on the carbon fibre manufacturing from commercially acquired PAN precursor fibres. For example, Gill et al. [11] presented the cost model of carbon fibre manufacturing by dividing the total cost into fixed and variable costs. Fixed costs include overhead costs, investment in the facility, and labour costs. Variable costs include material cost, chemical cost and cost of energy. They validated their cost model on three carbon fibre manufacturers across the globe [11] . Based on the predicted market price at a particular region and the actual selling price of carbon fibres, they noticed a high percentage of error. The reasons for this significant difference in the actual and predicted values are 1. Lack of information on the capital investments of the companies considered 2. Dissimilarities in the chosen process parameters, and 3. Insufficient specific information on the chemical consumables. It is very evident from this study that almost 42-62% error is possible between predicted and actual market prices, which shows the importance of having the knowledge of expenses during the real-time process [11] . From online sources we were able to identify a benchmark costing study conducted by Omnia LLC [12] for the establishment of a carbon fibre manufacturing plant in Iceland. They considered almost every aspect involved in manufacturing to understand the cost contribution at each stage of this process. For example, capital cost and installation, labour required and cost involved, energy required for running the plant and transportation involved in importing the precursor fibres [12] . They performed this analysis for a proposed plant with a total production capacity of 4,000 mt/annum, comprising two lines of 2,000 mt/annum capacity [12] . Similarly, in one of the conference proceedings James Fry [13] from Harper International, presented the estimated cost distribution of carbon fibre manufacturing, by considering a 12k fibre tow, production capacity of 1,500 tonnes per annum. It was mentioned that more than 50% of the cost is contributed from precursor, stabilization takes 30-40% of total energy consumption and the labour cost is more than the energy consumption. Moreover, Mr Fry showed some estimations to improve the capacity of the production by considering the number of filaments per mm and line width and highlighted the challenges to improve the production capacity related to requirements of space, technical requirements and consumption of energy [13] . However, like other studies, this analysis does not include precursor manufacturing. Recently Ellringmann et al. [14] highlighted the drawbacks in the existing models and developed a modular approach, which considered both precursor and carbon fibre manufacturing. Interestingly, they highlighted that the carbon fibre cost is highly sensitive to energy and oil prices. However, this work focussed only on 24k tow and lacks the dependency of carbon fibre cost with respect to tow size and production capacity [14] . Overall, attempts have been made in the past to develop practical cost models and identify the cost contributors for carbon fibres, however, the majority of studies were concentrated on the carbon fibre manufacturing.
Hence, this project aims to develop a cost model that assists automobile engineers to attain a reasonable understanding of the costsensitive elements of the entire process chain from precursor manufacturing and its conversion to carbon fibres. In this study, a systematic approach was followed to choose a reference process for precursor manufacturing by reviewing various research papers, online resources and available patents. Later on, we narrowed the available options for raw materials, processing methods and proposed a baseline for precursor manufacturing. Cost estimation of precursor manufacturing and critical factors for cost contribution were presented. Next, based on inputs from industry experts and available resources, a baseline for carbon fibre cost estimation was identified and finally, a cost model which completes the entire process chain of carbon fibre manufacturing was developed. Finally, key elements which govern the cost of carbon fibres are highlighted.
Methodology

Precursor manufacturing and reference process
The manufacture of PAN precursor fibres includes various stages such as polymerisation, dope preparation, spinning, coagulation, washing, stretching, surface finish, winding and packing. The overview of the stages of precursor fibre manufacturing is shown in Fig. 1 . Based on industry sources, we were able to obtain the information on the methods followed by commercial manufacturers and adopted in the present manufacturing units. Industrial lines are equipped with stripping columns which collect any unreacted monomer for feeding back into the reactor. Also, the solvent used (in one example, DMSO) is recovered from the coagulation baths and rinsing units for future re-use. The recovered solvent can be used for polymerisation, dope preparation and coagulation bath preparation. Since the volume of solvents used is relatively large, it will not be reasonable if solvent recovery is disregarded in developing a cost model.
In each stage of the process, there are various options (chemicals or process methods) available as shown in Table 1 . In order to develop a baseline, at first we have identified relatively common manufacturing methods and chemicals used for the production of commercial precursor fibres as listed in Table 2 .
It was very challenging to obtain the data related to PAN precursor manufacturing because of the confidential nature of the work and lack of knowledge of the technology acquisition history of the companies. However, we were able to obtain some of the information by going through the patents as listed in Table 2 . From Table 1 and Table 2 , it is evident that numerous options are available to be considered to develop a baseline reference process. Based on the acquired information, Toray and Cytec industries followed a similar approach for the manufacture of precursor fibres. Fig. 1 . Simplified process flow of an industrial precursor fibre manufacturing unit using DMSO solvent.
Considering the confidential nature of this process, we tried to adopt a cost-based approach by extracting the information on the market prices of various chemicals used and by comparing pros and cons of various manufacturing methods employed to establish a reference process for precursor fibre manufacturing. Interestingly, all comonomers have a similar price range in the market. Although commoners help to improve the thermal stabilisation capability of PAN fibres by controlling the exothermic nature of acrylonitrile fibres, it is suggested to have a low comonomer content in PAN fibres as it does not contribute to the formation of graphitic structure in the final carbon fibres. Further, it is reported to affect the properties of resultant carbon fibres by evolving as a defect in the structure during high temperature carbonisation [18] . Considering the above arguments, it is suggested to use only Itaconic acid as the comonomer in the precursor. Moreover, irrespective of the cost, DMSO has been chosen as the solvent because of the toxic nature of DMF. Kohler et al. [39] mentioned that the European Union has already listed DMF as one of the hazardous chemical substances in the SVHC (Substances of very high concern) list in 2012. There are higher chances to prohibit this solvent for industrial use in the near future. Similarly, China is following the footsteps of European Union in this perspective and in the process of implementing similar regulation program.
Various polymerisation methods are available in the literature such as 1. Solution polymerisation 2. Suspension polymerisation 3. Bulk polymerisation, and 4. Emulsion polymerisation. However, PAN precursor manufacturers widely use solution or suspension polymerisation methods [40] . In order to choose the best polymerisation method, the advantages and disadvantages of the two methods are listed in Table 3 . From Table 3 solution polymerisation method has been selected because it supports the continuous process of precursor manufacturing.
Different spinning methods are available for precursor fibre manufacturing. However, mainly wet and air gap spinning are employed by commercial manufacturers. The advantages and disadvantages of these two methods are compared in Table 4 in order to choose the spinning method for baseline process.
Considering the pros and cons of these two methods wet spinning has been chosen as it supports the production of larger tow size which is beneficial for automotive applications. Overall, the outcome for the identification of a baseline process for precursor manufacturing is provided in Table 5 .
In one of their chapters, Wheatley et al. [44] mentioned the details of their baseline for PAN manufacturing. They also considered only one comonomer (Methyl acrylate), solution polymerisation for precursor manufacturing. This further supports our assumptions.
Model
PAN precursor cost model
In order to develop a decent understanding of the influence of contributing factors to the manufacturing cost per kg of PAN precursor, it is recommended to perform the estimations by considering a precursor fibre production facility of at least 10,000 tonnes per annum capacity. In order to achieve this, seven individual precursor lines were considered with each having a capacity of approximately 1430 tonnes per annum. 
Disadvantages:
Only 50-70% of monomer converts into the polymer, hence further processing will be done only after filtration of unreacted Acrylonitrile from spinning dope. Impurities can be left in the solvent.
Spinning dope has to be prepared separately. Gel problems can exist.
The size of the spinneret and number of spinnerets per line were considered as 24k and 26, respectively. To run the production lines, labour and the other staff details were considered as shown in Fig. 2 . A total of 315 days of operation was taken in to account for these calculations. For polymerisation, two reactors of capacity 5,000 tonnes were considered. In order to establish the plant of this capacity (10,000 tonnes/annum) and daily power requirements, capital expenditure of approximately 74.1 million USD and approximately 116.6 MWh (which includes steam generation) per day were assumed. A straight line depreciation for 20 years has been considered to calculate the depreciation cost. The contribution from the factors such as Insurance, tax and filtration was assumed to be 1-2% of the total cost incurred by the other contributors. All these values were obtained through discussions with experts from commercial precursor manufacturing companies. In addition, the composition of the precursor was assumed as 96 wt% Acrylonitrile, 3 wt% methyl acrylate and 1 wt% Itaconic acid and the composition of the coagulation bath was considered as 65 wt% DMSO and 35 wt% water. The price of the reusable paper cores was considered approximately 7.5 USD per core. Based on Table 6 , it is evident that the material cost from polymerisation to coagulation played a critical role in the final cost of PAN precursor. While assessing the expenses from polymerisation to coagulation, it has been observed that the cost of the precursor is influenced by the quantity of DMSO and acrylonitrile monomer recovered from the polymerisation and coagulation baths. Hence, the recovery of DMSO and acrylonitrile is considered to be very critical in defining the cost of the precursor. For instance, in the current work, the calculations are based on the assumption that 99.98% of the DMSO is recovered using the recovery process. Moreover, labour cost showed the second highest significant contribution towards the cost per kg of PAN precursor which was followed by depreciation and energy. However, data shown in Table 6 is merely associated with tow size of 24k. Based on the cost model developed, for the described configuration of the line, it was realised that for the tow sizes less than 12k, the labour Table 4 Comparison of Wet and Air gap spinning.
Wet Spinning
Dry-Wet or Air gap Spinning Ref.
Advantages:
Useful for the manufacture of large tow sizes and hence higher productivity.
Molecular chain alignment can be improved before coagulation. Hence, better mechanical properties can be achieved. Spinning dope and coagulation bath temperatures can be different and could be useful to control the diffusion rates in the phase conversion process.
[ 40, 41, 42, 43] Disadvantages:
Use of toxic inorganic solvents in the coagulation bath.
Disadvantages:
Cannot be used for producing larger tows. Use of toxic inorganic solvents in the coagulation bath Table 5 The baseline of various methods and chemicals used for precursor manufacturing. cost was the most significant factor which contributed more than 37% of the final cost of precursor and material cost was significant only if the tow sizes greater than 12k because the plant capacity varies with tow size this will be discussed in the future sections.
The relationships between factors such as capacity of the plant, cost per kg of PAN precursor, depreciation, labour, energy contributions with respect to tow size is presented in Fig. 3 . The following assumptions are made to build these relationships:
1. Capital is considered as constant i.e., 65 million USD. From Fig. 3a , for a constant number of spinnerets and days of operation, the capacity of the production plant linearly increases with the tow size. However, an asymptotic relationship is observed between the final cost per kg of the precursor fibres and the tow size as shown in Fig. 3b . Initially, a dramatic decrease in the precursor price has been observed with an increase in the tow size until 24k and this decrement has become gradual between 24k and 50k and reached almost a stable condition after 50k. The trend in the manufacturing cost of the precursor can be attributed to the sensitivity of the significant contributors such as labour, depreciation and energy with respect to tow size/production capacity as shown in Fig. 3 b. Overall, with a further increase in the capacity of the plant by several thousand tonnes beyond 16.5 thousand tonnes per annum there is no substantial impact on the reduction of manufacturing cost per kg of PAN.
Carbon fibre manufacturing and cost estimation
The process for the manufacture of carbon fibres from PAN precursor fibres used by industry today involves various stages of thermal treatment. A simplified schematic of this thermal treatment process is shown in Fig. 4 . Initially, PAN fibres are thermally stabilized in air heated to between 225 and 260 C under certain tensions and dwell times. This step is essential to prepare the fibres to withstand the high temperatures in subsequent steps. This is followed by low temperature (LT) carbonization and high temperature (HT) carbonization in an inert atmosphere at temperatures ranging from 500 to 1500 C [45, 46] . The carbon fibres exiting from the HT furnace contain more than 90 wt% carbon. These fibres will be further processed through electrolytic surface treatment and coated with sizing before drying, winding and packaging. Based on information obtained from various sources, a cost estimation model for the production of carbon fibres was developed. The details of the information gathered and assumptions are given below:
Yield is considered to be 50% i.e., 2.0 kg of PAN is required to produce 1.0 kg of CF which is considered from OMNIA LLC [12] and linear density calculations. The nominal width of the carbon fibre line is considered to be 2.5m [13, 47] . 2,500 filaments per mm are considered to allocate tow spacing [13] . OMNIA LLC [12] report suggested $28m investment required for one 2,000 TPA capacity carbon fibre production line, however, in order to accommodate the building and associated equipment $5m was added and the capital expenditure (CAPEX) was considered as $33m USD. Here the following estimations are obtained based on one production line with a capacity of approximately, 2000 TPA. The number of production days varies with tow size, because the set up time is slightly different for different tow sizes. The nominal speed of the carbon fibre processing line is 720 m/h. (Harper's reports suggested 10-20 m/min (i.e., 600-1200 m/h)) [13, 47, 48] . Residence time in oxidation ovens is 55min. No of ovens are considered as 6 (typically 6 to 8 ovens will be used in the industry [47] ), heated length of each oxidation oven is 10 m (typically industrial oven heated length is less than 15 m length [47] ) and the number of passes are calculated as 11 based on chosen residence time). Residence time in each furnace was considered as 1.5min [47] . Heated length of each furnace was taken as 18 m and only one pass in the furnace. (Typically this value is in between 15 to 20 m [47] ). Tow size was assumed as 50k filaments. The input precursor cost has been taken from the PAN cost model for each respective tow size. Electricity price from the utility was assumed as 0.04 USD per kWh.
The cost estimation per kg of carbon fibre produced by considering a production line with a capacity of approximately 2,140 tonnes per annum is presented in this section. In order to achieve this tonnage only one individual carbon fibre line was chosen. To successfully operate the production line and conduct administrative work per day, a factory workforce with various designations from different departments were considered and detailed in Fig. 5 . A total of 277 days of operation was taken in to account for these calculations. This includes white warmup time for each reset of spools, maintenance and time for setting each spool. In order to establish the plant, capital expenditure of approximately 33 million USD was considered which includes both equipment and site cost. The power supply to run the plant of this capacity was considered as approximately 155.5 MWh (which includes nitrogen generation) per day. Natural gas is needed for the operation of an incinerator to treat exhaust gases. Natural gas consumption for these calculations Fig. 3 . Relationship between tow size and a) Capacity b) Various factors (Labour, Energy, and Depreciation) to the estimated manufacturing cost of PAN precursor.
was proportionately estimated by considering the line capacity and natural gas consumption of the Pilot Line at Carbon Nexus. The other costs were assumed as 0.5% of all the expenses and packaging cost was assumed as 50% of the sum of the tube and cardboard box costs incurred per kg of carbon fibre. Based on this analysis a total of 10.87 USD is required to produce 1 kg of carbon fibre.
The percentage contribution of various factors on the cost of carbon fibres per kg is shown in Fig. 6 . The precursor contributes to 53.4% of the total cost of carbon fibre which is in good agreement with the other research [14] , this is followed by labour (15.3%), natural gas (11.13%), depreciation (9.51%) and energy (7.06%). Interestingly, natural gas has been identified as one of the major contributors to the carbon fibre cost which is not mentioned elsewhere Further sensitivity analysis was conducted by developing correlations between tow size, capacity and various costs, parameters involved in the production of carbon fibres by considering the following assumptions:
Precursor packaged on spools (rather than in boxes) was considered for the analysis. The weight of each precursor spool was assumed as constant (300 kg) irrespective of tow size. For precursor cost, similar assumptions were considered as mentioned earlier. For instance, 6 production lines, 24 spinnerets per line, capital expenditure is constant etc., Only one carbon fibre production line was considered. No. of filaments per mm was considered as 2,500 f/mm. Width of the line was considered as 2.5m. Tow width was assumed between 3 mm to 41 mm for the tow sizes ranging between 3k to 100k filaments. The variation in cost incurred to produce a kg of carbon fibres with respect to tow size is shown in Fig. 7. From Fig. 7 , it is evident that with an increase in tow size there is a dramatic decrease in carbon fibre cost for tow sizes less than 12k, then it becomes gradual between 12k and 50k. For higher tow sizes the difference in cost is almost negligible. Moreover, with an increase in tow size from 3k to 100k the contribution of the precursor is decreased from 76.6% to 49.6% while the other contributors such as labour cost, depreciation cost and energy cost increased from 9.86% to 17.78%, 6.11%-11.01% and 2.49%-6.48%, respectively. Overall, the precursor cost is the governing cost contributor for the final cost of carbon fibres. These reasons appear to be driving the current research trends inclined towards the utilisation of larger tow sizes and even textile-grade precursor tows for the production of carbon fibres to meet the requirements of low to medium strength composite applications.
Interestingly, Fig. 8a shows a non-linear relationship between the capacity of the plant and the tow size because of the sensitivity to the number of processible tows towards the tow size for the considered roller width and the days of operation i.e., the higher the tow size the higher the tow width and the lesser the no. of processible tows. Moreover, for a constant precursor spool weight, the length of precursor will be lower for higher tow sizes which further increases the downtime because of more frequent changeovers for resetting and white warm-up and decreases the total days of operation as shown in Fig. 9a . Also, from Fig. 8b , it is clearly evident that the relationship between the labour cost contribution and the tow size is inversely proportional to the relationship between the capacity and the tow size. Also, Fig. 9b shows that there is a decrease in energy costs with increase in tow size which is associated with the decrease in the no. of days of operation as shown in Fig. 9a . These relationships further highlight the significance of tow size in trading-off the various costs involved in the final carbon fibre cost. Moreover, the productivity improvement and further reduction of carbon fibre cost can be achieved with the box type precursor set up. However, the development of these estimations will be considered for future work.
Conclusion
A cost model was developed by considering the entire process chain and assessing the costs involved at each stage of PAN precursor manufacturing and its subsequent conversion into carbon fibres. Based on this model, various factors such as material, labour, depreciation, energy, tow size, capacity and natural gas were considered for their contribution to the final manufactured cost of carbon fibres. Material cost was the major cost contributor to the PAN precursor, given a tow size greater than or equal to 12k. On the other hand, labour cost holds a major contribution to the final cost of PAN precursor for tow sizes less than 12k. In addition, with an increase in tow size an asymptotic trend was observed in the cost of precursor and carbon fibres indicating no significant influence on the final cost of carbon fibres if the tow sizes higher than 50k. Overall, our findings indicated that the precursor cost was the major contributor on the final cost of carbon fibres and the production of large tows, say of size 50k, can be beneficial in reducing the carbon fibre production cost and enabling carbon fibre to meet the requirements of mass-production markets such as the automotive sector.
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